Abstract-In this paper, we present a fast and accurate delay estimation method for buffered interconnects. The interconnect wire is modeled by the transmission line model which is more accurate and efficient than lumped circuit model. For the interconnect wire, we specify the wire shape to be of the form f (x) = ae −bx . Note that if we let b = 0, our work is reduced to uniform wire case. By using first three poles in the transfer function, we derive analytical expressions for calculating delay at any threshold voltage under a finite ramp input. The expressions involved in calculating coefficients in the transfer function are also analytical. We use k-factor equations to estimate delays for buffers. Since the k-factor equations require a loading capacitance for delay computation, we use the effective capacitance technique introduced in [17] to calculate the effective capacitance for each interconnect wire which is connected to a buffer. Therefore, our delay calculation for buffered interconnects is analytical and thus very efficient. Our experiments show that signal waveforms estimated by our method are very close to SPICE's results.
I. Introduction
In today's sub-micron design, delay estimation for interconnect wire and gate/buffer is crucial in layout design, because it is the fundamental part of other techniques such as wire-sizing optimization [2, 3] , buffer insertion [1, 4, 5] and performance driven routing [13] . While SPICE can provide comprehensive and accurate delay estimation for interconnects and buffers, it is too time consuming to be used in layout design. What layout design needs is a fast and accurate delay estimation method. In estimating interconnect wire delay, Elmore delay model [6] has been used as a fast delay estimation method in layout design. However, it is well known that Elmore delay model can only give a rough estimate of the actual delay. Its delay value can deviate from actual delay value by over 100% [13] . Moment matching method (or AWE [16] ) is another approach for estimating interconnect delay. Although it is more accurate than Elmore delay model, it requires a lumped circuit approximation for interconnect wires. In fact, it has been found that the lumped circuit representation of interconnect can not catch first few moments accurately [10] . On the other hand, lumped circuit model is not efficient for large interconnects. As it is pointed out in [10] , if there are N interconnect wires and each is modeled by k lumped segments, the complexities for calculating the coefficients b1, b2 and b3 in the transfer function H(s) = 6 ), respectively. Furthermore, the operating frequency gradually approaches and even goes beyond Giga Hertz. To accurately characterize the electrical properties of interconnect wires in high frequency, transmission line model need to be adopted [10, 20] . * The work of D.F. Wong was partially supported by the National Science Foundation under grant CCR-9912390, by the Texas Advanced Research Program under Grant No. 003658288, and by grants from IBM and Intel.
In estimating delay for a buffer, there are two kinds of delay models which are often used in layout design, simple switch RC model and macromodels (such as k-factor equations) [19] .
In the simple switch model, a buffer is modeled by an effective resistance and a load capacitance. It has been used together with Elmore delay model to estimate delay for buffered interconnects [4, 5] . However, since it assumes constant driver resistance and capacitance, it can not catch the nonlinear behavior of a buffer accurately. Therefore, it is not an accurate delay model. Macromodels such as k-factor equations [19] precharacterize the driver delay of each type of gate/buffer in terms of the input transition time and load capacitance. Since the model coefficients are determined based on SPICE simulations, it is more accurate and reliable than simple RC switch model.
In this paper, we present a fast and accurate delay estimation method for buffered interconnects, where we use transmission line to model interconnects and k-factor equations to characterize buffers. To our knowledge, no similar work has been done in the past literature. The interconnect wire that we are considering is specified to be of the form f (x) = ae −bx , because it is found effective in delay minimization under Elmore delay model [2, 3] . By using first three poles in the transfer function, we derive analytical expressions for calculating delay at any threshold voltage under a finite ramp input. The expressions involved in calculating coefficients in the transfer function are also analytical. In estimating buffer delays, since the k-factor equations require a loading capacitance for delay computation, we use the effective capacitance technique introduced in [17] to calculate the effective capacitance for each interconnect wire which is connected to a buffer. Therefore, our delay calculation for buffered interconnects is analytical and thus very efficient. Our experiments show that signal waveforms estimated by our method are very close to SPICE's results.
The rest of the paper is organized as follows. Section 2 shows a outline of delay calculation for buffered transmission lines. In section 3, we model each wire as a transmission line, and in section 4 we derive analytical delay expressions for calculating delay at any threshold voltage. In section 5, we derive an equivalent CRC Π-model for the interconnect wire and then calculate its effective capacitance. In section 6, we perform some experiments on buffered interconnects. Some conclusions and future directions are given in section 7.
II. Delay Calculation for Buffered Interconnects
Consider a non-uniform transmission line which is connected by two buffers in Fig.1 , the delay calculation for this buffered interconnect consists of two steps. One is for transmission line and the other is for buffer. We approximate each voltage waveform as a ramp which has two parameters to characterize, shift time S and transition time T (e.g., falling time T f or rising time Tr). These two parameters are clearly defined in Fig.2 . For any voltage waveform, its approximated ramp is obtained by connecting two points at threshold voltages 10% and 90% (see Fig.2 ). Therefore, our two-step delay calculation can be symbolically written as:
where fwire and f buf f er are analytical functions which depend on input voltage waveform. The purpose of this paper is to derive fwire as an analytical function. Briefly, we model each interconnect wire as a transmission line. In deriving the transmission line equations, we take both fringing capacitance and inductance into consideration, since these two effects can not be neglected in deep sub-micron design [7, 8] . fwire is derived based on first three poles in the transfer function H(s) = 1 1+b 1 s+b 2 s 2 +b 3 s 3 . Since coefficients b1, b2 and b3 are also calculated through analytical expressions, the delay estimation for the wire is analytical.
To obtain the expression of f buf f er for the buffer, we use k-factor equations to characterize delays at threshold voltages 10% and 90% [19] :
where C w = CL/W , CL represents the buffer's load capacitance, and W is the buffer width and Tin is input signal's transition time. The k coefficients are determined based on SPICE simulations and least square fits. By using C w instead of CL, we have taken buffer width into consideration. It is obvious that an approximated ramp of such output waveform has parameters: S = for a rising ramp; and S = 9t 90 −t 10 8
for a falling ramp. The whole system can be represented by two cascaded two-port networks.
III. Modeling Non-uniform Transmission Lines
In Fig.3 (a), a non-uniform wire is driven by a unit voltage source VD and has load capacitance CL. It can be represented by two cascaded networks shown in Fig.3(b) . We specify the wire shape to be of the form f (x) = ae −bx , because previous studies on wire-sizing optimization [2, 3] find that it is effective for delay minimization. For a system shown in Fig.3 , the transfer function and driving point admittance can be derived as [7, 8] :
where ABCD parameters can be obtained by solving the following transmission line equations for the non-uniform wire:
Since we have taken fringing capacitance and inductance into consideration, Z(s, x) and Y (s, x) are expressed as:
where r0 is unit square resistance, c0 is unit area capacitance, c f is unit length fringing capacitance, l0 = 2 ln 8Ttot a , l1 = 10 −13 [H/µm] and Ttot is the distance between metal line and ground plane. Unfortunately, these two equations can not be solved analytically. By using the Picard-Carson method [9] , the authors in [8] solves these two equations iteratively by symbolic integration. Then ABCD parameters are derived as analytical expressions depending on a, b and other circuit parameters. Therefore, the coefficients in the transfer function H(s) ≈ 1 1+b 1 s+b 2 s 2 +b 3 s 3 can be expressed in analytical forms. It is also proved in [8] that these analytical expressions have extreme accuracy.
The above method for calculating b coefficients in the transfer function is both more accurate and more efficient than using lumped circuit approximation. It has been found in [10] that using 10 segments to approximate a uniform wire could cause errors in calculating coefficients b1, b2 and b3. They find that the errors for calculating b1, b2 and b3 are around 10%, 6 ), respectively [10] . It is not surprise that lumped circuit approximation for nonuniform wires entails bigger errors. Table I shows some calculated b coefficients using lumped circuit approximations (10 segments for each wire). For a comparison, actual values of these coefficients are also listed. We find that the maximum error can be as high as 30% even for calculating b1. After we use 100 segments in lumped circuit approximation, these calculated b coefficients are closer to actual values, but still have errors around 5%. It is obvious that b1 is the most important coefficient in estimating delays. We also observe in our experiments that the relative error of b 1 seems to be the low bound of the relative error of final delay. Therefore accurate calculation of b coefficients is necessary in delay estimation. 
IV. Delay Expressions for Interconnect Wires
Based on first three poles in the transfer function, we will derive analytical expressions for calculating delay at any threshold voltage. Although there are some analytical delay expressions proposed in the past literature and they are also based on high order moments [18] or poles [11, 12] , they are not directly applicable in our delay model. [18] presents delay formulas based on first three moments (which is equivalent to two-pole approximation) under the assumption that the response is monotonic, which may not be true after considering inductance. The delay expression shown in [11] is based on first two poles in the transfer function. The authors in [11] make inaccurate approximations, thus the resulting delay formula is not accurate sometimes. The delay expression shown in [12] relies on several second order polynomial fittings to the voltage response under a step input. Since it usually requires different fitting polynomials for different time intervals, it complicates delay estimation.
To derive analytical delay expressions, without loss of generality we assume a unit finite ramp input which has rising time Tr. Similar expressions can be derived under a falling ramp input. The transient response under a finite ramp input can be expressed as [7, 8] :
where u(t) is the transient response under an infinite ramp input [8] . In deriving delay expressions, we assume t th is the delay corresponding to the threshold voltage v th . We also assume if three poles are real, these poles are p1, p2 and p3; if three poles are complex, three poles are α ± βi and γ.
Since the transient response (9) 
A. Delay Expressions for t ≤ Tr
If three poles are real, the voltage response can be expressed as:
If three poles are complex, the voltage response is thus:
where
For any given v th , solving for t th directly through equation (10) or (11) 
B. Delay Expressions for t > Tr
We derive different delay expressions to distinguish between complex poles and real poles.
Complex Poles:
The transient response can be written as: In practice, we find that not all terms in (20) are important in determining delay values. Therefore some approximations can be made. The approximation depends on the relative magnitude between α and γ. There are three different cases:
• |α| |γ|: |C| in (20) is thus much smaller than |A|. Therefore v(t) can be approximated by v(t) ≈ 1 − A sin(βt + B)e αt . In [11] , a delay expression is derived by approximating sin(x) as x. However, such approximation is valid only when |x| is within a small range. We approximate sin(x) with x ∈ [0, 
• |α| ≈ |γ|: In this case we can simply replace γ with α (or vise versa). Thus 
Following the similar procedure in previous case, t th is derived in terms of W function as:
• |α| |γ|: In this case, |A| is much smaller than |C|. Therefore we have v th = 1 + Ce γt th , and the delay is simply 
Real Poles:
The transient response can be expressed as:
We observe that not all three poles are important in determining the delay. One or two poles is always dominant over the other(s). Similar to derivations in dealing with complex poles, we approximate the transient response according to the relative magnitude of poles and then derive delay expressions.
• |p1| |p2|, |p3|: In this case, p1 is the dominant pole, and we can approximate the transient response as:
Therefore delay can be estimated by:
• |p1| |p2| ∼ |p3|: In this case, p2 and p 3 are dominant poles. Since pole p2 is almost equal to p3, we rederive the transient response by assuming that these two poles are double poles (p2 ≈ p 3 ). The transient response can then be written as:
Since |p1| |p2|, v(t) can be further approximated as:
With the help of Lambert's W function, we can derive t th as:
Note that our delay expressions are not restricted to nonuniform wire case. These expressions are very general, and they can be directly used in other high order moments (or poles) based delay models. 
V. Π-Models and Effective Capacitance
Since k-factor equations in (3) and (4) need a load capacitance, we have to find a way to approximate an interconnect wire which is connected to a buffer as an effective load capacitance. Because of resistance shielding, a buffer can not see the total capacitance of its down stream interconnects [17] . Therefore using the total capacitance as a load is not a good approximation. As shown in Fig.4 , our calculation of effective capacitance for a wire consists of three steps. First, we can derive the driving point admittance of a wire as:
where ai, bi, i = 1, 2, 3 are coefficients which have analytical expressions [8] . Expanding (34) in Taylor series as Y (s) = y1s+y 2s 2 +y3s 3 , and matching the first three terms, we obtain:
Since a CRC Π-model can accurately approximate the driving point admittance, our second step is to follow the technique in [15] , i.e., we reduce the interconnect wire to an equivalent CRC Π-model which has the same driving point admittance. Such Π-model has parameters:
Because the CRC Π-model is incompatible with k-factor equations, our final step is to use the technique of effective capacitance introduced in [17] . An effective capacitance C ef f is thus calculated and connected to the buffer as a load.
VI. Experimental Results
We test our delay model over several interconnects which are connected through buffers. We use SPICE to verify our delay estimation. The SPICE level-3 CMOS parameters are summarized in Table III . In our experiments, we choose fixed CMOS channel widths as: W p = 10µm, Wn = 5µm. Wire parameters are listed in Table IV . Remember that a and b are coefficients in exponential shape function f (x) = ae −bx . There are five different wires which are numbered from 1 to 5. We construct several buffered interconnects from these wires. As an example shown in Fig.5 , a buffered interconnect is constructed by connecting wire 1 through wire 5 and inserting a buffer between each pair. The last interconnect wire (e.g., wire 5) is connected to a load capacitance CL = 0.16pF . To simplify the presentation, we denote such buffered interconnect as "B1B2B3B4B5", where B represents a buffer. In all the experiments, we assume a fixed rising ramp with Tr = 1ns as inputs to the first driving buffer.
In Table V , we list some buffered interconnects and threshold delay values at the load end calculated by our method. For comparison, we also verify these delays by using SPICE. Since SPICE can not handle non-uniform wires directly, we divide each wire into a large number of segments (e.g., 1000 segments), and model each segment as a RLC circuit. We find that all delay values estimated by our method are very close to SPICE's results (the errors are within a few percent). Furthermore, we compare our ramp output at the CL load end with the actual response from SPICE. Two of these results are shown in Fig.6 . The SPICE's response is plotted as a curve consisting of "+". Fig.6 verifies that our ramp approximation can match the actual response very well. However, SPICE is computationally expensive. For a long buffered interconnect shown in Table V , SPICE's running time is about 20 minutes. On the contrary, the running time of our method is only about 0.02 second, which is close to that under Elmore delay model. Therefore, our method is also very efficient.
VII. Conclusions and Future Directions
We develop an analytical delay model for buffered transmission lines. In this paper, we specify the wire shape to be of the form f (x) = ae −bx . Our experiments show that our delay model is very accurate. It is also very efficient, since delays are calculated through analytical expressions. For future work, since our k-factor equations have taken buffer width into consideration, our method can be applied in interconnect optimizations such as simultaneous wire-sizing and buffer insertion. Fig. 6 . The transient responses of buffered interconnects "B3B2B4B1B5" and "B1B2B3B4B5B1B2B3B4B5". '+' curve represents SPICE's result, and solid line represents our ramp output.
